Preparation of cationic polyacrylamide by aqueous two-phase polymerization by unknown
1. Introduction
Cationic polyacrylamides (CPAM) are a kind of
important cationic polyelectrolyte and extensively
used as flocculants for liquid/solid separation,
retention and drainage aids in papermaking, flota-
tion aids and demulsifiers for oil/water clarifica-
tion, as soil improvers and drainage aids, etc. [1–3].
Various types of methods for producing CPAM
have been developed, such as homogeneous aque-
ous solution polymerization, inverse emulsion poly-
merization, inverse suspension polymerization and
dispersion polymerization, and so on [4, 5].
For homogeneous aqueous solution polymeriza-
tion, the reaction heat was difficult to remove
because the material became gel which can not
flow. For the sake of transportation and dissolution
easily, CPAM gel was used to be handled as dry
powder instead of aqueous solution. However, these
polymers in dry-powder form not only required
consumption of energy in drying process at ele-
vated temperature but also were subjected to degra-
dation through shear or three-dimensional polymer
crosslinking. For the inverse emulsion polymeriza-
tion and inverse suspension polymerization, some
surfactants and organic solvents were used in the
course of syntheses, definitely resulting in the prob-
lems of environmental pollution and recycling
[4–6]. Recently, aqueous dispersion polymerization
was used to prepare cationic polymerization, which
could be carried out in aqueous tert-butyl alcohol
media [7–9] or in the aqueous inorganic salt media
[6, 10, 11]. Especially, the dispersion polymerization
in aqueous solution of ammonium sulfate attracted
considerable attention because of its organic-free
solvent. However, the use of an amount of inor-
ganic salt would restrict its development and the
extensive applications. For example, if the cationic
polymerization was used as retention aid in paper-
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made paper become brittle.
The concept of aqueous two-phase system was pre-
sented in the 1950s, and the technique of aqueous
two-phase separation was mature in the field of
biotechnology for the separation and purification of
valuable biomolecules [12–15]. Aqueous two-
phase polymerization may be defined as a type of
aqueous dispersion polymerization. In aqueous
two-phase polymerization, the inorganic salt used
in the aqueous dispersion polymerization was
replaced by a water-soluble polymer. Polymeriza-
tion reaction started from a homogeneous mixture
of the water-soluble monomers, initiator, another
water-soluble polymer and a stabilizer. The solvent
was selected on the basis of solubility of monomers
and stabilizer and insolubility of the polymer [16].
Polymerization was initiated in the aqueous solu-
tion by an initiator that was soluble in both the sol-
vent and monomer. It may be used to prepare the
water-soluble (co)polymers dispersion with good
stability and high molecular weight which could be
directly diluted to use. Aqueous two-phase poly-
merization overcame the problems of heat release
of aqueous solution polymerization and avoided the
environmental pollution and recycling questions of
organic solvents in inverse suspension polymeriza-
tion, water-in-oil inverse emulsion polymerization
and precipitation polymerization [4–6]. Aqueous
two-phase polymerization was an attractive alterna-
tive to other polymerization processes. However, to
our knowledge, there were a few works on the
preparation of water-soluble polymers by aqueous
two-phase polymerization technique. Only Shan et
al. successfully prepared the nonionic polyacry-
lamide by aqueous two-phase polymerization in the
presence of PEG by using ammonium persulfate as
the initiator and sodium dodecylsulfate or poly-
oxyethylene(20) sorbitan monolaurate as the emul-
sifier [17]. The stability of dispersion system with
surfactants was weak and its viscosity was large.
Until now, there are few works on synthesis of
cationic polyacrylamide via aqueous two-phase
polymerization without emulsifier.
Based on the theory above mentioned, the aqueous
two-phase copolymerization of acylamide (AM)
and dimethylaminoethyl methacrylate methyl chlo-
ride(DMC) was carried out in aqueous polyethyl-
ene glycol 20000 (PEG 20000) solution with 2,2′-
azobis(2-amidinopropane) dihydrochloride (V-50)
as initiator. And the poly(dimethylaminoethyl
methacrylate methyl chloride) (PDMC), which
acted as polymeric stabilizer, was first applied to
lower dispersion viscosity and improve the stability
of the synthetic system. Comparing to the system
without PDMC as the polymeric stabilizer, some
different results were obtained.
2. Experimentals
2.1. Materials
Acrylamide (AM, A. R. Grade) was purchased
from Dia-Nitrix Co. Ltd. (Japan) and was used as
received. Dimethylaminoethyl methacrylate methyl
chloride (DMC, 78% aqueous solution, industrial
grade) was from Mitsubishi Gas Chemical Com-
pany, INC and used without further purification.
Polyethylene glycol 20000 (PEG) and 2,2′-azo-
bis(2-amidino-propane) dihydrochloride (V-50;
WAKO Pure Chemical Industries Ltd) were of ana-
lytical grade, and used as received. Poly(dimethy-
laminoethyl methacrylate methyl chloride) (PDMC),
as 20% aqueous solution, was prepared from DMC
in an aqueous solution using V-50 as initiator at
60°C. The molecular weight of PDMC was
3.9·105 g·mol–1. Deionized water was used through-
out this work. Other reagents were A. R. grade and
used directly.
2.2. Preparation of CPAM by aqueous
two-phase copolymerization
Varying quantities of ingredients containing
monomers (AM and DMC), PEG, PDMC and
deionized water were added to a 250 ml glass reac-
tor fitted with a stirrer, a reflux condenser, a ther-
mometer and a nitrogen inlet tube. After bubbling
purified nitrogen through the solution for 30 min-
utes and controlling system temperature at 65°C by
a water bath, the monomers were initiated by addi-
tion of V-50 solution into the reaction system under
invariable stirring. The reactions were proceeded
for 8~10 h to get a high overall conversion of
monomers.
2.3. Characterization
The generated sample was precipitated repeatedly
in a large quantity of acetone to remove the unre-
acted monomers and the PEG 20000. Then, the pre-
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weight at 45°C under vacuum. The dried sample
was used to determine the intrinsic viscosity in
1.0 mol·l–1 NaCl at 30°C using an Ubbelohde vis-
cometer [18]. The following Equation (1) was used
to calculate the molecular weight of copolymer
[10]:
(1)
The viscosity of the aqueous two-phase system was
measured by Brookfiled DV-II+Viscometer at the
room temperature. The average particle size and
particle size distribution (PDI) was measured by a
laser particle size analyzer (Zeta-Sizer 3000,
Malvern, UK) after ultrasonic dispersion for
20 minutes in acetone. The particle morphology
was observed by optical microscope and transmis-
sion electron microscopy (JEM-1200EX; JEOL,
Japan). FT-IR spectra were recorded on a spec-
trophotometer (AVATAR 360, Nicolet, USA) using
KBr pellets. The 1H-NMR spectrum of AM/DMC
copolymer was obtained in D2O with a Bruker
(500 MHz) 1H-NMR spectrometer (Bruker Corpo-
ration, Bremen, Germany).
The overall monomer conversion could be obtained
by determining the residual contents of AM and
DMC with bromating method [6]. About 4.0 g of
copolymer dispersion was weighed out in a weigh-
ing bottle, and then 100 ml of deionized water was
added. After stirring adequately, the sample solu-
tion could be obtained. Excessive KBrO3-KBr was
added into the sample solution. In the presence of
H+, KBrO3 reacted with KBr to produce Br2, and
then Br2 could react with residual AM and DMC in
the sample solution for addition reaction. Excessive
KI was used to react with the residual Br2, and I2
was formed from the reaction mixture. By titrating
I2 with the standard solution of Na2S2O3 and calcu-
lating the consumption of Na2S2O3, the total resid-
ual contents of AM and DMC could be determined
by means of the interrelationship of these ingredi-
ents.
3. Results and discussion
The concentrations of initiator and stabilizer were
weight percent based on total monomers, and the
content of monomers and dispersant were weight
percent based on total raw reaction materials. The
amount of each ingredient was kept constant in all
experiments, except as indicated. XDMC indicated
the mole percentage of DMC based on the initial
monomers composition.
3.1. Effect of monomers concentration
Figure 1 shows the monomers conversion versus
time curves with different monomers concentra-
tions. It was shown that the initial polymerization
rate and the overall conversion increased with the
increase of monomers concentration. As shown in
Figure 1, when the monomers concentration was
8%, the overall monomers conversion was only
12% corresponding to the time at 30. However,
when the monomers concentration was 20%, the
overall conversion was 70% corresponding to the
time at 30. This indicated that the lower the
monomers concentration was, the stronger the
shielding effect of aqueous PEG 20000 solution on
monomers radicals was. So, the initiation effi-
ciency of initiator decreased which resulted in
decreasing of both the polymerization rate and the
overall conversion. When the monomer concentra-
tion was higher than 20%, the dispersion was so
unstable that coagulation occurred. As the
monomers concentration increased, the initial poly-
merization rate increased and much more oligomers
were formed in the aqueous PEG solution. Yet the
phase separation effect of PEG and stabilization of
PDMC were weakened. So, the stability of copoly-
mer particles in the medium decreased and copoly-
mer particles coagulated gradually.
The effects of the monomers concentration on the
relative molecular weight, the average particle size
66 . 0 4 ] [ 10 · 73 . 3 ] [ w M
− = η
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Figure 1. Conversion versus time curves with different
monomers concentration. Polymerization condi-
tions: XDMC 10%, PEG 25%, V-50 0.009%,
PDMC 1% and T 65°C.and the apparent viscosity of dispersion were
shown in Table 1. It was seen that the relative
molecular weight, the average particle size and the
apparent viscosity of dispersion all increased with
the increase of monomers concentration, which
conformed to the rules of typical free radical poly-
merization [19]. When the monomers concentra-
tion was up to 20%, the viscosity of dispersion
drastically increased on such condition, the disper-
sion was so unstable that coagulation occurred.
3.2. Effect of PEG 20000 content
High molecular weight PEG 20000, which had a
tendency to interact with water through hydrogen
bonding, was chosen as the phase separation agent
because it formed aqueous two-phase system at
lower concentrations and hence of lower viscosities
[12]. To investigate the effect of the PEG 20000
content on the aqueous two-phase copolymeriza-
tion system, five different PEG 20000 content (i.e.
5, 10, 15, 20, and 25%) were examined. Figure 2
shows the relationship between the conversion and
time in five different PEG 20000 concentrations. It
was clear that high PEG 20000 content retarded the
initial copolymerization rate and decreased the
overall monomers conversion, which was contrary
to the work that Shan and Cao reported [17]. It was
due to that the following: as the PEG 20000 content
increased, the viscosity of the continuous phase
increased correspondingly, which prevented
monomer radicals to be freely transferred between
mature particles and continuous phase. So the
growth of copolymer particles became slower. At
the same time, the shielding effect to free radicals
was improved by PEG 20000. Thus, the initial
copolymerization rate and the final overall conver-
sion were both reduced.
As shown in Table 2, the molecular weight of
copolymers and the apparent viscosity of the sys-
tem lowered with increasing the PEG content. The
average particle size and PDI also decreased. The
reason was that increasing the PEG content resulted
in the critical chain length to phase-out shorter.
Therefore, the viscosity of the continuous phase
decreased and the particle size as well as particle
size distribution became smaller [11]. Meanwhile,
the PEG 20000 had active α-hydrogen atoms and
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Figure 2. Conversion versus time curves with different
PEG 20000 content. Polymerization conditions:
total monomer 8%, XDMC 10%, PEG 25%, V-50
0.009%, PDMC 1% and T 65°C.
Table 1. Effect of monomers concentration on aqueous two-phase system
aP.D. average of particle diameter;
Polymerization conditions: XDMC 10%, PEG 25%, V-50 0.009%, PDMC 1% and T 65°C
Monomers
[%]
Mw
[10–6·g·mol–1]
P.D.a
[nm]
η η
[mPa·s]
Characteristics
8 1.15 716.8 4567 Gray-white, good fluidity, and low viscosity dispersion
10 1.32 759.7 5065 Gray-white, good fluidity, and low viscosity dispersion
12 1.45 839.6 5723 Milky-white, good fluidity, and low viscosity dispersion
15 1.69 956.7 5998 Milky-white, good fluidity, and low viscosity dispersion
20 1.89 1168.5 7596 Milky-white, good fluidity, and high viscosity dispersion
Table 2. Effect of PEG 20000 concentration on aqueous two-phase polymerization
Polymerization conditions: total monomer 8%, XDMC 10%, V-50 0.009%, PDMC 1% and T 65°C
wPEG
[%]
Mw
[10–6·g·mol–1]
η η
[mPa·s]
P.D. 
[nm]
PDI Characteristics
5 1.04 10450 969.6 0.519 High viscosity, large particles, and phase separation
10 0.99 6486 836.3 0.497 High viscosity, large particles, and phase separation
15 0.92 6070 814.9 0.480 Milky-white, good fluidity, and low viscosity dispersion
20 0.91 4946 801.5 0.430 Milky-white, good fluidity, and low viscosity dispersion
25 0.84 4736 716.8 0.369 Milky-white, good fluidity, and low viscosity dispersionacted as chain transfer agent. Thus, the relative
molecular weight decreased with PEG 20000
increasing. In addition, it was observed that the
unstable dispersions were obtained when the
PEG 20000 concentration was less than 10%.
Under such conditions, the polymerization of most
monomers occurred in the continuous phase because
the ability of phase separation decreased.
Figure 3 shows the TEM photos of CPAM particles
in aqueous two-phase polymerization system with
different PEG 20000 contents. It revealed that the
coalescence between polymer particles took place
and the particle size was larger when the PEG
20000 content was 15%, to a certain extent. But,
when the PEG content was 25%, no coalescence
was observed and the particle size of polymer parti-
cles was smaller.
3.3. Effect of stabilizer concentration
In the system, a water-soluble homopolymer
PDMC was used as a steric stabilizer. Figure 4
shows that there was a little effect of PDMC con-
centration on the initial polymerization rate and the
overall conversion. The reason was that at the ear-
lier stage of polymerization, monomers polymer-
ization mainly took place in the dispersion media,
adding a small amount of PDMC into the continu-
ous phase had a little effect on the initiator.
From the results of Table 3, it was revealed that the
relative molecular weight increased with PDMC
concentration, which was consistent with some
works reported [1, 2]. With the increase of the sta-
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Figure 3. TEM photos of CPAM particles prepared in aqueous two-phase polymerization system with different PEG
20000 content: (a) 15%, (b) 25%
Figure 4. Conversion versus polymerization time curves
with different PDMC concentrations. Polymeriza-
tion conditions: Total monomers 8%, XDMC 12%,
V-50 0.009%, PEG 25% and T 65°C.
Table 3. Effect of stabilizer PDMC concentration on CPAM aqueous two-phase system
PDMC
[%]
Mw 10–6
[10–6·g·mol–1]
η η
[mPa·s]
P.D. 
[nm]
Characteristics
0.0 0.65 3280 773.1 Phase separation after 3 months
0.5 0.76 3217 763.2 Milky-white, smooth, still stable after 6 months
1.0 0.82 5065 758.5 Milky-white, smooth, still stable after 6 months
1.5 0.94 5156 843.6 Milky-white, smooth, still stable after 6 months
2.0 0.95 7615 931.5 Phase separation after 7 daysbilizer concentration, a greater number of smaller
particles were stabilized for the high stability. The
smaller particle can effectively capture growing
oligomeric radicals initiated in continuous phase.
Solid-phase polymerization occurred to yield the
polymer of high molecular weight due to the gel
effect. Meanwhile, both the apparent viscosity of
dispersion and the average particle size decreased
first and then increased, which was contrary to
other works related to aqueous dispersion polymer-
ization [1, 8]. The difference may be due to the
absence of inorganic salt. Increasing the stabilizer
concentration, the average particle size decreased.
When PDMC concentration was 1%, the particles
with the smallest particle size were obtained. How-
ever, beyond this point, the average particle size
increased with PDMC concentration. Firstly, when
PDMC concentration was below 1%, PDMC was
mainly acted as stabilizer and protect particles from
coalescence. As the PDMC concentration increased
from 0 to 0.5%, both the average particle size and
the viscosity of dispersion decreased. However,
when the PDMC concentration was too high (1.0%
and above), the viscosity of system and the average
particle size increased, but the stability of disper-
sion became weak. This was probably due to that
extra stabilizer molecules did not participate in sta-
bilization, but they had bridging role between the
particles, inducing agglomeration. So the apparent
viscosity and the particle size both increased again.
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Figure 5. Microstructure of dispersed droplets in the aqueous two-phase polymerization system3.4. Formation of dispersed droplets in
aqueous two-phase polymerization
Figure 5 showed the microstructure of the dis-
persed droplets in the aqueous two-phase polymer-
ization system. The system was homogeneous
before the polymerization (Figure 5a). As soon as
the polymerization started, the primary free radicals
grew in the dispersion media by addition of initia-
tor until they reached their critical chain length.
Then, they precipitated from the dispersion media
to form nuclei. These nuclei with higher surface
energy were unstable and quickly aggregated each
other to form mature particles (Figure 5b). As the
polymerization proceeded, the number of the
mature particles in media became larger. At the
same time, the mature particles grew by capturing
the monomers, oligomeric radicals and nuclei in the
dispersion media (Figure 5c). Because the particles
consumed an amount of oligomeric radicals and
nuclei, the rate of formation of particle reduced.
Particles continually captured monomers from the
dispersion media to form larger particles (Fig-
ure 5d). Until the monomers were nearly used up,
the volume of particles did not change any longer
(Figure 5e).
3.5. Characteristics of CPAM aqueous
two-phase
Figure 6 shows the FTIR spectra for the final
copolymer. The peaks at 3300~3500 cm–1 were due
to amine group, whereas the peak at 1659 and
952 cm–1 was due to amide group and quaternary
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Figure 6. IR spectra of P(AM/DMC)
Figure 7. 1H-NMR spectra of AM with DMC copolymer (XDMC = 10%)ammonium. The peaks at 2924, 1724 and
1453 cm–1 were assigned to υ–CH3, υ–O–CO– and
δ–CH2–N+(CH3)3, respectively. It was believed
that the final formed copolymer was P(AM/DMC).
Figure 7 represents 1H-NMR spectra of the P(AM/
DMC). Each proton was readily distinguished from
the resonance peaks of the copolymer. According
to the integral area of the resonance peaks of b and
c proton (–CH of AM and –CH3 of DMC), the
approximate composition of the copolymer could
be calculated. The molar ratio of AM to DMC in
the copolymer is about 88/12, which was near to
the ratio in the feed, 90/10. The copolymer compo-
sition determined via 1H-NMR spectroscopy was in
good agreement with the molar feed compositions
and typically deviated no more than 2 mol% from
the feed values.
4. Conclusions
In this work, cationic polyacrylamide (CPAM) was
synthesized by aqueous two-phase polymerization
technology. The initial polymerization rate, the
overall conversion of monomers, the relative
molecular weight, the average particle size, and the
apparent viscosity of dispersion all increased with
monomers concentration, contrary to PEG 20000
concentration. There was a little effect on initial
polymerization rate and the overall conversion with
PDMC concentration. As the PDMC concentration
ranged from 0 to 0.5%, the relative molecular
weight increased and both particle size and the vis-
cosity of dispersion decreased. However, the rela-
tive molecular weight, particle size and the viscos-
ity of dispersion both increased when the PDMC
concentration was higher than 1%. The stable con-
ditions for CPAM aqueous two-phase system were
as follows: 8~15% for monomers concentrations,
15~25% for PEG 20000, 0.5~1.5% for PDMC.
Meanwhile, the formation process was investigated
by optical microscope.
Finally, it should be noted that keeping lower vis-
cosity and avoiding the Wessenberg effect (when
the system viscosity reached a certain value, the
pole-climbing phenomenon would occur) during
the CPAM aqueous two-phase polymerization was
a key point to the dispersion polymerization in
inorganic salt solution.
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